Internal ribosomal entry sites (IRESs) of certain plus-strand RNA viruses direct cap-independent initiation of protein synthesis both in vitro and in vivo, as can be shown with artificial dicistronic mRNAs or with chimeric viral genomes in which IRES elements were exchanged from one virus to another. Whereas IRESs of picornaviruses can be readily analyzed in the context of their cognate genome by genetics, the IRES of hepatitis C virus (HCV), a Hepacivirus belonging to Flaviviridae, cannot as yet be subjected to such analyses because of difficulties in propagating HCV in tissue culture or in experimental animals. This enigma has been overcome by constructing a poliovirus (PV) whose translation is controled by the HCV IRES. Within the PV/HCV chimera, the HCV IRES has been subjected to systematic 5 deletion analyses to yield a virus (P/H710-d40) whose replication kinetics match that of the parental poliovirus type 1 (Mahoney). Genetic analyses of the HCV IRES in P/H710-d40 have confirmed that the 5 border maps to domain II, thereby supporting the validity of the experimental approach applied here. Additional genetic experiments have provided evidence for a novel structural region within domain II.
Higher-order structures of RNA can be deduced by a combination of different experimental approaches. These include (i) computer-aided folding, favorably under consideration of phylogenetic kinship of the RNAs, (ii) limited enzymatic and chemical degradation, and (iii) analysis by nuclear magnetic resonance spectroscopy or X-ray crystallography (11) . Genetic analysis is another powerful tool, particularly if the RNA structure is a component of a self-replicating entity such as an RNA virus genome.
Internal ribosomal entry sites (IRESs) regulate translation in eukaryotic systems in a cap-independent manner. Present in genomes of some plus-strand RNA viruses and some cellular mRNAs, IRES elements belong to the most complex cis-acting signals known in the RNA world (52) . In comparison to the Shine-Dalgarno signal (42) , which determines internal entry of the ribosomal subunits into prokaryotic (multicistronic) mRNA, viral IRESs are colossal (up to 400 nucleotides), yet little if any of their sequence is dispensable (54) .
IRES elements have been discovered in genomes of picornaviruses (20, 21, 33) , of members of the genus Hepacivirus (hepatitis C virus [HCV] [47] ) and Pestivirus (e.g. bovine viral diarrhea virus, [36] ) of the family Flaviviridae, and of some insect RNA viruses (for example, Plautia stali intestine virus [41] ). In animal viruses, IRES elements map to 5Ј nontranslated regions (5ЈNTR) (53) , whereas, remarkably, in some insect viruses, they are located several thousand nucleotides downstream from the 5Ј end of the genome, separating different cistrons (41) .
Early results of secondary-structure analyses of picornaviruses IRESs by Pilipenko et al. (35) were subsequently largely supported by biochemical analyses and genetics (reviewed by Stewart and Semler [46] ). Genetic studies of the higher-order structure of the HCV IRES, however, cannot be carried out since no adequate tissue culture or animal system is available that allows efficient replication of HCV. Structural analyses of the HCV IRES therefore relied on computer folding, biochemical probing, and functional analysis of the IRES in vitro and in vivo in the context of expression vectors (reviewed by Lemon and Honda [24] ).
We have recently shown that the IRES element of poliovirus (PV) can be exchanged with IRES elements of other viruses, resulting in viable chimeric viruses. The donor IRESs in these chimeras originated from different picornaviruses, such as encephalomyocarditis virus (2) and human rhinovirus 2 (12) , or from HCV (see Fig. 1A ) (27, 61) . Such chimeric viruses replicate very well in tissue culture and thus have been useful for studies of genome replication or IRES function. We report here a genetic analysis of domain II of the HCV IRES in the context of the poliovirus genome. The results offer strong support for the notion that the 5Ј border of the HCV IRES maps to the bottom of domain II (nucleotide [nt] 43), a result proposed previously (38) . Importantly, the study has yielded a new structure for domain II of the HCV IRES.
It has been suggested that IRES elements may be involved in RNA replication (reviewed in reference 58). If so, changes introduced into an IRES element may affect viral macromolecular synthesis in addition to control of protein synthesis. To find whether the mutation engineered into the IRES of the PV/HCV (P/H) chimera influence translational control and RNA synthesis, we have separated the function of the HCV IRES from possible involvement in replication. We have constructed dicistronic replicons with the gene order [PV]clover leaf-[HCV]IRES-⌬core-R-Luc-[PV]IRES-F-Luc-P2,3-3ЈNTR (Fig. 1B) . Mutations introduced into the HCV IRES produced a pronounced translation phenotype in Renilla luciferase (RLuc) expression, independent of firefly luciferase (F-Luc) expression, an observation corroborating the results obtained with the P/H chimeric virus.
MATERIALS AND METHODS
Cells, viruses, and plasmids. HeLa R19 cell monolayers were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% bovine calf serum (BCS). PV type 1, strain Mahoney [PV1(M)] and its chimeric constructs were amplified in HeLa cells as described by Lu et al. (28) . The titer of the virus stocks was determined by standard plaque assay on HeLa R19 monolayers (26) . Briefly, HeLa cells were infected with cell lysates derived from transfection with the corresponding transcript RNA. Plasmid pT7PVM was a derivative of pT7PV1-5, a full-length cDNA clone of PV1(M) constructed in this laboratory (49) . P/H710-d17 (61) contains nt 18 to 710 of the genome of HCV1b, which includes domains II to IV of the HCV IRES and 123 codons of the core gene (Fig. 1A) . Note that in previous studies, P/H710-d17 was designated a P/H701-2A because the chimeric genome contained the HCV-specific sequence up to position 710 of the HCV genome and the fusion peptide (⌬core-P1) is processed by the PV proteinase 2A
pro (61) . The numbering of the HCV 5ЈNTR in this paper conforms to the numbering of the full-length HCV 5ЈNTR (see, for example, reference 17). Construction of 5NTR mutants. The region between EcoRI and SacI of the P/H710-d17 cDNA was removed to produce the cloning vector 710dES, lacking HCV IRES and core sequences. This cloning vector was used for the generation of a series of constructs shown in Tables 1 and 2 . Basically, two strategies were used to generate the corresponding mutants. The templates used in the PCR for the generation of corresponding constructs are listed in Tables 1 and 2 . First, oligonucleotide PVVP4 (5Ј-CGTTACTAGCTGAATCTCTATAATAATTAAT GG-3Ј) was used as the universal minus-strand primer for the PCR mutagenesis reactions to generate the constructs by using the oligonucleotide in Table 1 as positive-strand primer. Second, oligonucleotide PV1-30 (5Ј-TTAAAACAGCTC TGGGGTTGTACCCACCCC-3Ј) and the negative-strand primer of each pair in Table 2 (negative sense, denoted by a minus sign after the name of the oligonucleotides) were used in the PCR A. PVVP4 and the positive-strand primer of each pair (positive sense, denoted by a plus sign after the name of the oligonucleotides) were used in PCR B. Gel-isolated PCR fragments from both PCR A and PCR B were used in PCR C with oligonucleotides PV1-30 and PVVP4 to produced the PCR fragment with the designed mutation. The mutated PCR fragment was digested with EcoRI and SacI and cloned into 710dES to yield the desired mutants, which was selected by restriction mapping and verified by sequencing.
Construction of dicistronic HRPF-Luc. Oligonucleotides 5Ј-R-Luc-Sac I and 3Ј-R-Luc-Sac I (Table 3) were used to amplify the R-Luc gene from plasmid (Gtx 133-141) 10 (SI) 9 ␤/RPh (7). The PCR products were gel purified, digested with SacI, and ligated into SacI-linearized P/H710-d40. The construct 710-d40-R-Luc, with the correct orientation of the R-Luc gene, was selected by restriction analysis and verified by sequencing. Then a SalI site was introduced into PV-Luc (25) by PCR mutagenesis. Plasmid pT7PVM was used as the PCR template. Oligonucleotides PV1-30 and PV-SalI(Ϫ) were used in PCR A; oligonucleotides PV-SalI(ϩ) and PVVP4 were used in PCR B. Gel-isolated PCR fragments from both PCR A and PCR B were used in PCR C with oligonucleotides PV1-30 and PVVP4 to produced the PCR fragment with the designed mutation. The PCR HRPF-Luc-dSacI was generated by Quickmutagenesis (Stratagene) using oligonucleotides HRPF-Luc-dSacI(ϩ) and HRPF-Luc-dSacI(Ϫ). By comparison with HRPF-Luc, deletion of the SacI site did not change the amino acid sequences and did not affect the dual luciferases activities (data not shown).
HRPF-56-57, HRPF-56-57/106-7, HRPF-58-59, and HRPF-58-59/109-110 were created by replacing the PmlI-SacI fragment of HRPF-Luc-dSacI with the corresponding fragment from P/H710-d40-56-57, P/H710-d40-56-57/106-7, P/H710-d40-58-59, and P/H710-d40-58-59/109-110, respectively.
Methods of molecular cloning and PCR mutagenesis. Escherichia coli strain DH5␣ was used for plasmid transformation and propagation. PCR mutagenesis was performed by standard procedures (40) . DNA cloning was done by the standard procedures. DNA fragments were ligated by use of a rapid-ligation kit (Roche Biochemicals).
Transcription, transfection, and translation. For the production of infectious RNA transcripts in vitro, 1.0 g of full-length cDNA of PV1(M) or P/H chimeric constructs was linearized at a unique restriction PvuI site downstream of the viral genome. RNAs were synthesized from linearized cDNA by T7 RNA polymerase in an in vitro system described previously (49) . HeLa R19 monolayers maintained in 35-mm dishes were transfected by the DEAE-dextran method as described previously (26) and grown at 37°C for up to 5 days in 2 ml of DMEM containing 2% bovine calf serum (BCS). The virus yield from transfections was subjected to titer determination by plaque assay as described previously (26) . Translation in vitro was performed at 30°C for up to 16 h or at 34°C for up to 7 h in a HeLa cell extract (30) supplemented with either PV1(M) transcript RNA or chimeric transcript RNAs. To label viral polypeptides in vivo, 35-mm dishes of HeLa cells were infected with lysates derived from cells transfected with PV1(M) or P/H transcript RNAs as described previously (61) . In vitro-or in vivo-labeled proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12.5 or 13.5% polyacrylamide) and newly synthesized proteins were visualized by autoradiography.
Characterization of viral growth phenotype. The plaque phenotypes of wildtype PV and the P/H chimeras were measured by plaque assay on 35-mm dishes containing HeLa R19 cell monolayers. After incubation for 48 h at 37°C or longer, viral plaques were visualized by 1% crystal violet staining. One-step growth kinetic experiments were performed as described previously (61) . Basically, aliquots of synchronously infected cells were harvested at the time points shown and the virus yield was determined by plaque assays.
Luciferase assays. After transfection, HeLa cells were incubated at 37°C in DMEM medium supplemented with 10% BCS. After 12 h, the medium was removed from the 35-mm plate and the cells were washed gently with 2 ml of phosphate-buffered saline. The cells were incubated with 300 l of passive lysis buffer (Promega). The culture plates were rocked at room temperature for 15 min before the lysate was transferred to a tube. A 50-l volume of luciferase assay reagent II plus 10 l of cell lysate were mixed, and the firefly luciferase activity was measured. After addition of 50 l of Stop & Glow reagent, the R-Luc activity was measured.
RESULTS
Depending on the strain, the 5ЈNTR of HCV is about 340 nt long. A variety of different experimental approaches have led to a putative higher-order structure that has been divided into four domains ( Fig. 2) (6, 16, 17, (22) (23) (24) . In contrast to picornavirus IRESs, the HCV IRES includes coding sequences of the HCV core protein (27, 38) although the minimal length of this core-specific sequence necessary for replication of HCV is not known. The HCV core protein itself or fragments thereof, however, are not required for the HCV IRES function (51, 61) . We have analyzed the relationship between the structure and function of the HCV IRES by two strategies. First, we have made use of the chimeric virus P/H710-d17, whose genome consists of the PV-specific 5Ј-terminal cloverleaf followed by HCV-specific sequences (nt 18 through 710) linked to the PV genomic sequence ( Effect of 5 deletions of the HCV IRES within P/H710-d17 on viral proliferation. Deletion experiments have defined the 5Ј border of the HCV IRES to map between nt 28 and 69 (18) , between nt 28 and 45 (22) or to nt 40 (38) . In contrast, Fukushi et al. (8) suggested that domain I (nt 5 to 20 [ Fig. 2] ) is also important for IRES function, whereas other groups reported that this structure was not only dispensable (27, 61) but also inhibitory in translation experiments (18, 39, 59 ). In one report, it was proposed that even the entire domain II (nt 44 to 118, [ Fig. 2] ) was dispensable (48) . All these experiments were based on translations of mono-or dicistronic constructs either in vitro (using rabbit reticulocyte lysate) or in cultured cells transfected with expression plasmids. To test the effect of deletions in the context of the replicating viral chimera P/H710-d17, we have generated 5Ј deletions within the HCV-specific sequence, designated d9, d17, d27, d40, d49, d59, d70, d79, and d118 (Fig. 2) , and studied the phenotypes of the corresponding RNAs by replication in HeLa cells.
Briefly, the transcript RNAs harboring the deletions were transfected into HeLa cell monolayers as described in Materials and Methods. After evidence of cytopathic effects (CPE) was noted, the virus yield from each transfection was assayed in separate HeLa cell plaque assays. As shown in Fig. 3A , any of the deletions beyond nt 40 (d49, d59, d70, d79, and d118) conferred a lethal phenotype to viral proliferation. In these experiments, replication was assayed by two different methods. First, the transfected HeLa monolayers were inspected for CPE at various times posttransfection (p.t.), an assay indicative of intracellular replication (protein and RNA synthesis). Wildtype PV1(M) RNA induces CPE at 18 h p.t., a result also observed with P/H710-d40 RNA. RNAs of P/H710-d9, P/H710-d17, and P/H710-d27 yielded CPE only at about 48 h p.t. No CPE was observed with any of the other deletion mutant RNAs. Second, the cell lysates from the transfected monolayers were assayed for virus yield in a plaque assay. Because of significant differences in the appearance of CPE, the titers p.t. were determined 2 days [PV1(M) and P/H710-d40] or 3 days [P/H710-d9, P/H710-d17, and P/H710-d27] p.t. Only P/H710-d40 RNA produced virus yields and plaque sizes comparable to those of PV1(M); all other constructs expressed minute (P/H710-d9), small (P/H710-d17), or medium (P/H710-d27) plaque sizes (Fig. 3A) . The higher yield with P/H710-d40 relative to d9, d17, and d27 was expected since we have reported recently that the HCV sequence up to nt 31 can engage in base pairing with the PV cloverleaf, resulting in impaired viral replication (60) . Transfections with RNAs of P/H710-d49, P/H710-d59, P/H710-d70, P/H710-d79, and P/H710-d118 and assays for progeny virus after prolonged incubation were carried out several times, but no virus was found in any of these experiments. Since no CPE was found after transfection with any of these constructs, we suggest that these RNAs were unable to produce sufficient quantities of viral proteins to effect cell killing.
We conclude that the 5Ј boundary for efficient replication of the P/H chimeric viruses carrying the 5ЈNTR of HCV, genotype 1b, maps to approximately nt 40. This coincides with the currently accepted 5Ј boundary of the HCV IRES obtained by studies with artificial dicistronic mRNAs (reviewed in reference 37). We feel confident, therefore, that the results reported are also a measure of the 5Ј boundary of the HCV IRES.
For the genetic analyses described below, we have selected the chimera P/H710-d40 owing to its favorably high yield of virus after transfection. Indeed, a one-step growth experiment with HeLa cell monolayers revealed that the replication kinetics of this chimera was very similar to that of PV1(M) with the notable exception of a prolongation of the eclipse period (Fig.  3B) . The extended eclipse period is also apparent with chimera P/H710-d17 (Fig. 3B) , as reported previously (61) . We assume that this phenomenon is related to a delay in uncoating and release of genomic RNA, but the precise mechanism remains to be determined.
It should be noted that the entire ⌬core coding sequence of 
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on October 22, 2017 by guest http://jvi.asm.org/ 369 nt was found to be retained in P/H710-d40 over six serial passages (data not shown). This conforms to previous results with P/H710-d17 (61). Thus, there was no apparent pressure on the part of the P/H710-d40 genome to delete any of the "foreign" core sequence, thereby generating variants with greater fitness to outcompete the parental genome. Considering the genetic plasticity of poliovirus genomes allowing for rapid deletion of foreign sequences fused to the P1 coding region of poliovirus (31), this observation can be interpreted to mean that the ⌬core protein-encoding RNA sequence in P/H710-d40 is advantageous for efficient replication of P/H710-d40 RNA. Recent experiments have confirmed that the extension of the HCV-specific sequence downstream of the HCV 5ЈNTR is necessary for efficient HCV IRES function (W. D. Zhao, S. K. Jang, and E. Wimmer, unpublished data). Genetic study of the stem-loop II structure of the IRES in P/H710-d40. Mutation at the bottom of domain II. Using chimera P/H710-d40, we have embarked on a genetic analysis of the structure of domain II by introducing mutations disrupting stem regions followed by the appropriate compensatory mutations. We have tested this strategy first by mutating the base pair at the bottom of domain II (CC/GG: nt 44 to 45 pairing with nt 118 to 117 [ Fig. 4D]) . Remarkably, disrupting these base pairs at the bottom of domain II by changing nt 44 to 45 from CC to GG (construct P/H710-d40-44-45) severely impaired the proliferation of the virus, since the titer produced after transfection was drastically reduced (Fig. 4C) . Compensatory mutation of nt 118 to 117 (construct P/H710-d40-44-45/ 117-118), on the other hand, which serves to restore base pairing at the bottom of domain II, led to the near-complete recovery of viral replication ( Fig. 4C; titer, 10 5 dilution). These data could be interpreted to mean that the short helix at the bottom of domain II is important for the function of the HCV IRES in P/H710-d40 (Fig. 4C) . Indeed, this has been concluded by Honda et al. (16) , who performed a mutational analysis of this region of the HCV IRES and tested the effects by in vitro translation or expression in transfected cells. On the other hand, it could be argued that the rather small change in IRES structure in P/H710-d40-44-45 impaired genome replication rather than translational efficiency (see below).
The effect of the mutation in the HCV IRES of P/H710-d40-44-45 was then analyzed within the context of a replicon in which replication was not dependent on the HCV function. For this purpose, dicistronic replicons were constructed in which the expression of the first reporter gene (R-Luc) was controlled by the HCV IRES while that of the second reporter gene (F-Luc) was controlled by the PV IRES ( Fig. 1B; construct HRPF-Luc). Transfection of RNA harboring the d40- 44-45 mutations into HeLa cells was followed by incubation of the cells for 12 h. Both R-Luc and F-Luc activities were then assayed as described in Materials and Methods. A mismatch of base pairs from CC/GG to GG/GG reduced the R-Luc signal relative to the L-Luc signal by 34% compared to the signal ratio in the parental replicon ( Fig. 4A ; compare lane 1 with lane 2). Restoring base pairing by compensatory mutation (GG/CC) in P/H710-d40-44-45/117-118 fully restored the observed R-Luc activity (lane 3). The detection of luciferase activity required RNA replication because, as shown in Fig. 4B , addition of 2 mM guanidine HCl reduced the signal to background level. 2 mM guanidine HCl is known to completely inhibit PV RNA replication (reference 34 and references therein).
The data obtained with the HRPF-LUC replicon indicate that the bottom of domain II carries a CC/GG base pair that contributes to the function of HCV IRES activity. However, the integrity of the short helix at the bottom of domain II does not appear to be absolutely essential for internal ribosomal entry within the dicistronic RNA, a conclusion drawn also by Honda et al. (16) using a different approach. The mechanism by which the CC/GG-to-GG/GG mutation in P/H710-d40-44-45 influences (inhibits) genome replication, as indicated by the drastic reduction of viral titer, remains to be determined. This issue is discussed below.
Analysis of the structure involving nt 49 to 65. The original model of the HCV IRES predicted that domain II of the HCV IRES contained two subdomains, IIa and IIb (Fig. 5C) (6, 17) . More recently, Honda et al. (16) suggested a modified structure (Fig. 5D ) on the basis of phylogenetic considerations and mutational analyses. We have subjected this region of domain II to a genetic analysis very similar to that described for the bottom of domain II. Specifically, we have destabilized the putative helix of IIa (Fig. 5C ) by changing the nucleotide sequence from GAG (nt 49 to 51) to CUC. Translational efficiency in a HeLa cell extract of variant RNA (d40-49-51) obtained by transcription with T7 RNA polymerase was reduced to 10% of that of the parental genotype, although all viral proteins were observed in the expected ratio (data not shown). On transfection of d40-49-51 RNA into HeLa cell monolayers, no virus was obtained in several independent experiments (Fig. 5B, d40-49-51-G1) .
In an attempt to restore the viability of the d40-49-51 variant, we introduced three different (compensatory) mutations, of which two mapped to the complementary strand. Compensatory mutation at nt 63 to 64 (UU to GA [ variant RNA d40-49-51/63-64, which was no more efficient in HeLa cell-free translation than was d40-49-51 RNA (data not shown). More importantly, d40-49-51/63-64 did not restore viral proliferation since no virus was retrieved in several different experiments (data not shown). Similarly, mutation of UUC to GAG at nt 63 to 65 also failed to restore proliferation in HeLa cells (data not shown). However, when mutations were introduced at nt 112 to 114 in d40-49-51 RNA from CUC to GAG (Fig. 5C, boxed trinucleotides 112 to 114) , the resulting d40-49-51/112-4 RNA replicated efficiently in HeLa cells, yielding virus titers similar to that of d40 RNA (Fig. 5B) . These data can be explained only if nucleotides GAGG (nt 49 to 52) of the HCV IRES base pair with nt CCUC (nt 112 to 114), as shown in Fig. 5D . The mutations were then introduced into the dicistronic replicon HRPF-Luc (Fig. 1B) , and their effect on HCV-controlled translation was measured in transfected HeLa cells as described above. Changing the nucleotide sequence from GAG (nt 49 to 51) to CUC reduced the signal of R-Luc relative to that of L-Luc to 25% (Fig. 5A, lane 2) . Attempts to restore R-Luc activity by either one of the mutations at nt 63 to 64 or nt 63 to 65 further reduced the R-Luc signal to 14 and 7%, respectively (lanes 4 and 5). However, mutations at nt 112 to 114 (CUC to GAG) fully restored the R-Luc signal (lane 3).
These data can only be interpreted to mean that domain II of the HCV IRES has the structure shown in Fig. 5D , regardless of whether the assay was carried out using the P/H chimeric virus or the dicistronic replicon. Importantly, the strong inhibition and recovery of R-Luc expression by mutations and compensatory mutations, respectively, unambiguously relate HCV IRES structure to HCV IRES function on translation independently of genome replication. Our data support the results published by Honda et al. (16) , who employed nonreplicating dicistronic mRNAs whose translational efficiency were assayed either in vitro or after transfection of corresponding plasmids into Huh-7 cells that were superinfected with a vaccinia virus vector expressing phage T7 RNA polymerase.
Evidence for a new structure within domain II of the HCV IRES. The data obtained so far suggest that our strategy to analyze the structure and function of domain II is correct. It has been suggested by Honda et al. (16) that nt 56 to 58 and nt 105 to 107 form a short stem (Fig. 6C ). This region, however, can also be folded into an alternative structure (Fig. 6D ) by using Zuker's mfold server (29, 62) . To determine which of these structures is favored in P/H710-d40 RNA, the CU dinucleotide at nt 58 to 59 was changed to GA (Fig. 6C) . Unexpectedly, these mutations (chimera d40-58-59) resulted in a lethal phenotype, an observation suggesting an important role for the CU dinucleotide (nt 58 to 59). In contrast, mutation of the UA at nt 56 to 57 (Fig. 6C) to GU, a change that should have interrupted the putative stem formed between 5ЈUA and 5ЈUG (boxed pair in Fig. 6C ) did not have any significant effect on the virus yield (Fig. 6B) . When 5ЈGU/5ЈUG (nt 106 to 107) was changed to 5ЈGU/5ЈAU, the resulting virus, d40-56-57/ 106-7 was viable, expressing a small plaque phenotype (Fig.  6B ). These observations suggested to us that nt 106 to 107 are unlikely to base pair with nt 56 to 57.
When mutations were introduced into the nonviable construct d40-58-59 at nt 109 to 110 (AG to UC) (Fig. 6C) to yield d40-58-59/109-110, the RNA replicated highly efficiently in HeLa cells, yielding virus titers similar to that of d40 RNA. These genetic data strongly favor the structure of domain II shown in Fig. 6D .
These mutations were then engineered into the dicistronic replicon. The mutations at nt 56 to 57 (d40-56-57) had only a small effect on the translational efficiency of the HCV IRES (Fig. 6A, lane 2) . The mutations at nt 56 to 57 and 106 to 107 reduced the expression of R-Luc further, indicating some detrimental effect on structure (lane 3). However, mutations at nt 58 to 59 profoundly inhibited expression of R-Luc (lane 4), an effect that could be reversed by the compensatory mutations at nt 109 to 110 (lane 5). These data are compatible only with the structure in this region of domain II as depicted in Fig. 6D . It should be noted that this model is also supported by limited RNase T 1 digestion studies recently published by Kieft et al. (23) , who failed to find cleavage at G110 as would be predicted if this residue resided in the internal loop of the published models (Fig. 6C) . They are also supported by phylogenetic considerations (see Discussion).
DISCUSSION
Viral IRES elements arguably belong to the most complex cis-acting signals in any RNA viral genome. Their huge size appears to contain much more information than seems necessary to promote internal ribosomal entry, particularly if one compares the IRES with the Shine-Dalgarno signal (42) operating in multicistronic mRNAs of prokaryotic cells (55) . Elucidation of IRES structure and function is therefore a major challenge.
The structure of the HCV IRES has been probed by various methods (reviewed in reference 24), to which we have now added viral genetics and assays in the context of a P/H replicon. Genetic analysis of the HCV IRES within the context of its cognate viral genome is not feasible at present because of the poor replication properties of HCV. However, the exchange of the PV IRES with the HCV IRES has yielded a rapidly growing variant, P/H710-d40, that has allowed us to assess the effect of mutations in the HCV IRES-specific segment of genomic RNA on viral proliferation. Based on the data, a firm prediction can be made about the IRES structure necessary for translation. The question has been raised, however, whether any effect of altering the HCV IRES can be solely equated with internal ribosomal entry and control of translation.
Previously, it has been suggested that viral IRESs serve as cis-acting elements not only in translation but also in RNA synthesis (reviewed in references 5 and 58). If so, changes introduced into the viral IRES may affect viral RNA synthesis in addition to or independently of the control of protein synthesis. In some cases, such changes may be apparent only as host range phenotypes (19, 43) . On the other hand, exchanges of the PV IRES with those of different picornaviruses, specifically encephalomyocarditis virus, human rhinoviruses 2 and 14, coxsackievirus A9, coxsackievirus A24v, and coxsackievirus B4 (references 13 and references therein), would have been expected to yield replication phenotypes. If assayed in HeLa cells under standard conditions, however, these chimeric viruses did not yield growth phenotypes. As shown here, the P/H chimera P/H710-d40 carrying an IRES quite different in struc-ture from that of the cognate PV IRES expressed replication kinetics mimicking that of PV1(M).
If IRES elements function in cis in RNA synthesis, the PV replication proteins (replication machinery) in the IRES chimera must be able to recognize cis-acting signals inherent to all the different IRES elements tested. This is difficult to comprehend in view of the apparent difference in IRES structure, a consideration particularly striking when the HCV IRES is compared with that of PV. Why should the HCV IRES carry a replication signal recognized by the replication machinery of a virus belonging to a different family? On the other hand, a single cellular factor, X, capable of binding all viral IRESs could be recognized by the PV replication machinery, thereby mediating the identification of a "generic" cis-acting signal. It is known that viral IRES elements can form complexes with several different cellular RNA binding proteins, such as polypyrimidine binding protein (PTB), polycytidylic acid binding protein (PCBP), unr (upstream of N-ras), or La auto antigen (reviewed in reference 9). Of these proteins, a dual role in translation and in replication has been suggested only for PCBP. PCBP has affinity to the 5Ј-terminal cloverleaf of PV, a cis-acting signal in replication, as well as to the cognate IRES (10, 32) . We have argued previously, however, that PCBP is not necessarily linked to PV RNA replication since PCBP can be replaced in all in vitro binding experiments to the cloverleaf by viral protein 3AB (15, 56, 57) . Nevertheless, PCBP2 also interacts with the IRES of EMCV, even though this interaction is not required for EMCV IRES-dependent translation (50) . Similarly, PCBP binds to the HCV IRES (45) . Could PCBP2 be a hypothetical "host factor X" playing a dual role in IRESdependent translation and replication of all IRES-containing picornaviruses? Until the mechanism by which cellular RNA binding proteins may function in picornavirus and HCV replication has been elucidated, a putative role of polypeptides such as PCBP, PTB, or La as universal "host factors" in viral RNA synthesis will remain elusive.
To circumvent the problem of the putative dual IRES function in genome replication, we have constructed chimeric di- cistronic replicons (1, 2) carrying two luciferase genes. The first luciferase gene (R-Luc) was controlled by the HCV IRES, and the second (F-Luc) was controlled by the PV IRES. After transfection into HeLa cells, a significant luciferase signal was detectable only if the RNA replicated, as shown by the inhibitory effect of 2 mM guanidine HCl. Mutations studied in P/H710-d40 were then constructed into the replicon, and the effect on either of the luciferase genes was tested. The results of the experiments unambiguously showed that some of the mutations introduced into domain II of the HCV IRES produced a negative effect on translation of its reporter gene while being ignored by the PV replication machinery. Thus, the results obtained with the replicons corroborated the results obtained with P/H710-d40. The remarkable sensitivity of P/H710-d40 replication to the mutation at nt 44 to 45, however, remains a mystery, since the data obtained with the replicon carrying the same mutations showed only a 34% reduction of translational activity of the HCV IRES (Fig. 4) . In this case, we consider it possible that these mutations may have a negative effect not only on translation but also on RNA synthesis, although the mechanism is unknown. However, both analyses employing either P/H710-d40 or the replicon support previous data suggesting the importance of the CC/GG base pair at the bottom of domain II (reference 16 and references therein).
Similarly, the analysis of base pairing of nt 49 to 51 has led to an unambiguous designation of the structure shown in Fig.  5D . Here, the low translational activities of the R-Luc signal observed with mutated replicons, combined with the effect of compensatory mutations, also strongly support the structure of domain II proposed by Honda et al. (16) . We suggest that the inability of these P/H710-d40 variants to replicate is due to insufficient amounts of viral proteins that were synthesized under the control of the mutated HCV IRES.
Following the same strategy, we have analyzed the possibility of a structural arrangement in domain II that differs from that (16) and supported by data described here. Nucleotides involved in this analysis are boxed. (D) Proposed domain II structure, by subjecting the sequence to computer folding (29) and to the genetic analysis presented here.
in previous reports. Mutations of nt 58 to 59 and compensatory mutations unambiguously support the domain II structure shown in Fig. 6D , regardless of whether the analysis was carried out with the replicon or with P/H710-d40.
The new structure (shaded area in Fig. 2 ) is also supported by phylogenetic considerations. Of 124 sequences analyzed (http://s2as02.genes.nig.ac.jp), 83 folded as proposed in Fig. 2 . In 16 sequences, G107 was changed to A107, yielding a preferred UA base pair in this position; in 5 cases, the C58/G110 base pair was changed to an U58/A110 base pair. Neither of these changes had an apparent effect on the overall structure. Of interest are three published sequences in which an A57 has been replaced by a U57. This change has no apparent effect on the structure proposed here but would disrupt a short (3-bp) helix in the previously published structure (Fig. 6C) .
The HCV IRES can form complexes with PTB (3), La (4), hnRNPL (14) , eIF3 (44) , and PCBP (45) . To what extent the binding of these proteins, either alone or in complex with each other, influences IRES function in vivo is unknown. It is likely that disruptions of the domain II structure interfere with protein binding, thereby influencing IRES function.
